Introduction {#S0001}
============

In recent decades, nanocomposites have been attractive to numerous researchers due to their interesting tailorable properties (such as electrical, mechanical, chemical and biological properties) and wide applications across all of science and industry. Nanocomposites involve different aspects of science and technology and can play an important role in human life. They have been widely used as materials with photodegradation properties;[@CIT0001] gas sensors[@CIT0002],[@CIT0003] and biosensors for the detection of antimalarial drugs,[@CIT0004] glucose,[@CIT0005] DNA,[@CIT0006],[@CIT0007] anticancer agents[@CIT0008],[@CIT0009] as well as antibacterial and antifungal agents;[@CIT0010],[@CIT0011] efficient photocatalytic oxidation of arsenite,[@CIT0012] olefin epoxidation,[@CIT0013] and biodiesel;[@CIT0014] agents for drug delivery,[@CIT0015],[@CIT0016] waste water treatment,[@CIT0017] components in satellite and space science;[@CIT0018] and as materials in army science and associated industries.[@CIT0019] Due to their exceptional greater surface area, of all of the nanomaterials available, zeolites have attracted a large amount of interest. Zeolites are microporous, aluminosilicate compounds widely used in nanocomposites as homogeneous polymer--zeolite membranes,[@CIT0020] catalysts for oxidation,[@CIT0021] superconductors,[@CIT0022] water and wastewater treatment agents,[@CIT0023] and electrochemical biosensors for in vivo electrochemical measurements.[@CIT0024] For all of the above-mentioned nanocomposites, the large internal and external surface area of zeolites lead to unique properties of other materials when attached to zeolites to improve or more effectively change other exciting properties.

Iron (III) oxide nanoparticles have received a lot of attention as they are very stable metal oxides with attractive biological properties. Recently, iron (III) oxide nanoparticles have been added to other materials to make nanocomposites,[@CIT0025]--[@CIT0028] with more effective properties compared with their free state. Iron (III) oxide is often synthesized and used as nanoparticles in nanocomposites. There are many methods for synthesizing and coating them in/on nanocomposites including sol-gel methods,[@CIT0029] thermal methods,[@CIT0030] electrochemical synthesis methods,[@CIT0031] dispersing γ-Fe~2~O~3~ in the oil phase and microemulsion polymerization methods,[@CIT0032] polymeric polyoxocarbosilane shells[@CIT0032] and the tunable and scalable metal-organic framework (MOF)-templated strategies.[@CIT0025]

There are many other methods[@CIT0033]--[@CIT0036] which have been used for the synthesis of various Fe (III) oxide nanocomposites, but expensive and hazardous raw materials or solvents are often involved, they involve difficult reaction conditions, or the waste of a high level of energy involved makes these methods undesirable. In order to realize the full potential of Fe-based nanoparticles, it is clear that new methods of synthesizing Fe-based nanoparticles are needed which are quick, inexpensive, and use environmentally friendly chemicals.

In this project, Fe~2~O~3~-NPs were synthesized on the surface of zeolites as a nano thin layer coating for producing zeolite/Fe~2~O~3~ nanocomposites. For this purpose, we performed a quick precipitation of Fe~2~O~3~-NPs on the zeolite surface. The reaction was performed in just one step under ambient conditions, using very inexpensive raw materials and non-hazardous, environmentally safe solvents. This new green chemistry method for the synthesis of zeolite/Fe~2~O~3~ nanocomposites should increase the utilization of Fe-based nanoparticles across numerous industries. For example, in the upcoming decades, there will be increasing demands to produce food for a growing world population and agriculture will face challenges to provide food without impacting the environment. Therefore, it will be necessary to use modern technologies to produce fertilizers with high performance and decrease the negative impacts on the environment.[@CIT0037] Nanofertilizers, as smart fertilizers, are designed to efficiently increase nutrient use and consequently reduce adverse effects to the environment compared to the application of conventional mineral fertilizers.[@CIT0037]--[@CIT0039]

Smart fertilizers based on slow-/controlled-release and/or carrier delivery systems have been shown to improve crop yields, soil productivity, and lower nutrient loss compared with conventional fertilizers. Several materials (such as clays, nanoclays, nondegradable and degradable polymers, and agricultural waste) are suitable for the development of smart fertilizers by acting as carrier matrices for nutrients and bacterial inoculants.[@CIT0037] According to a prior literature article,[@CIT0040] there are three main types of nanofertilizers: nanoscale fertilizers (synthesized with nanoparticles), nanoscale additives (bulk products with nanoscale additives), and nanoscale coatings or host materials (a product coated with nanopolymers or loaded with nanoparticles). Mineral nutrients required for plant nutrition can be encapsulated inside nano-materials (such as nanotubes or nanoporous materials), coated with a thin protective polymer film, or in nanoscale particles.[@CIT0041],[@CIT0042]

Slow-release nanofertilizers and nanocomposites are suitable alternatives to soluble fertilizers. Nutrients are released at a slower rate, thereby reducing loss.[@CIT0043] A slow release of nutrients in the environment could be achieved by using zeolites (natural clays), which act as a reservoir for nutrients that are released slowly.[@CIT0042]

In this study, we used our synthesized product (zeolite/Fe~2~O~3~ nanocomposites) as a smart fertilizer to release (slow-release) iron ions as an important nutrient for plants. Moreover, we demonstrate the biocompatibility, as well as the anticancer potential, of these compounds as-applied to in vitro cell culture systems at varying concentrations of the iron oxide constituent. Indeed, while fertilizers, such as those containing nitrogen, have been linked to the increasing accumulation of toxic elements in the environment, as well as with the occurrence of certain cancers in humans, the zeolite/Fe~2~O~3~ nanocomposites investigated herein were shown to in fact reduce the viability of human melanoma cells.[@CIT0044],[@CIT0045] Previous studies have provided a relationship between iron oxide nanoparticle surface chemistry and their use in cancer therapeutics or as diagnostic tools.[@CIT0046],[@CIT0047] For instance, Nagajyothi et al demonstrated that α-Fe~2~O~3~ nanoparticles produced by a green synthesis route were cytotoxic towards renal carcinoma Caki-2 cells without imposing apoptosis or growth inhibition in normal kidney epithelial cells.[@CIT0047] In the work of Shanmugasundaram et al, bio-synthesized superparamagnetic iron oxide nanoparticles potently impacted the growth of cervical cancer (HeLa) cells and possessed an IC50 value of 78.42 μg/mL per in vitro tests.[@CIT0048] Therefore, this present research could potentially influence the commercialization of a novel class of smart fertilizers that are environmentally friendly, inexpensive, and cancer or other disease preventatives.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Synthetic zeolites (96096, Potassium, 3A° type) were purchased from Sigma-Aldrich, USA. Commercial zeolites (Clinoptilolite type) were purchased from Helitropfen, Germany (origin was a Narvik mine in Norway). Further, another commercial zeolite (Desica AC130 type) was prepared from Hitech Silicate Co, IRAN. FeCl~3~·6H~2~O was purchased from Merck (Germany) and NaOH was obtained from Sigma-Aldrich, USA. Cells that were assayed for their in vitro compatibility with the test specimens, including Detroit 551 human dermal fibroblasts (HDF, CCL-110) and A375 human malignant melanoma cells (HMM, CRL-1619), were obtained from the American Type Culture Collection (ATCC: Manassas, VA, USA). Supplements and reagents for cell culture included Dulbecco's Modified Eagle's Medium (DMEM; ATCC: Manassas, VA, USA), fetal bovine serum (FBS; Gibco, Life Technologies, Gaithersburg, MD, USA), trypsin-EDTA (Gibco, Life Technologies: Gaithersburg, MD, USA), and MTS \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; Promega: Madison, WI, USA\].

Synthesis of Zeolite/Fe~2~O~3~--Nanocomposites (NCs) {#S0002-S2002}
----------------------------------------------------

In this method, the synthesis of Fe~2~O~3~--NPs and their loading onto the zeolite surfaces was simultaneously carried out for producing the zeolite/Fe~2~O~3~--NCs (termed product). For this, 10.0 g of zeolites were added to a beaker with 100 mL of distilled water. The mixture was stirred for about 15 mins to wet the zeolite and obtain a homogenate suspension. After that, a defined volume with defined concentrations of FeCl~3~ solutions was added into the suspension and stirred for 40 mins. Then, about 50 mL of a 2.5 M NaOH solution was slowly added while the mixture was vigorously stirred for another 30 mins. The reaction mixture was then filtered to separate the product from the liquid phase. The synthesized product (zeolite/Fe~2~O~3~--NCs) was washed with distilled water and finally was air dried at room temperature. All steps of the experiments were completed at ambient conditions. The experiments were carried out using different amounts of FeCl~3~ solutions while the amounts of zeolites were constant as the Fe~2~O~3~--NP amount in the product was 1%, 4%, 7%, 12% and 17%. Finally, the products obtained from the mixture of five different synthesis processes for each Fe~2~O~3~--NP amount (1%, 4%, 7%, 12% and 17%) were used for the following characterization studies.

Characterization Methods {#S0002-S2003}
------------------------

Fourier transform infrared (FT-IR) spectroscopy was used to characterize the chemistry of the nanocomposites and the FT-IR spectra were recorded in the range of 400--4000 cm^−1^ and 100--700 cm^−1^ utilizing a Perkin Elmer GX-FT-IR spectrophotometer. Transmission electron microscopy (TEM) was used to measure the particle size and morphology of the synthesized products (zeolite/Fe~2~O~3~--NCs). In this case, a drop of the suspended material in distilled water was dripped onto a covered copper grid and then TEM observations were performed using a Hitachi H‒7100 electron microscope. After that, nanoparticle size distributions were estimated using UTHSCSA Image Tool software, version 3.00. Scanning electron microscopy (SEM) was also used to observe, study and compare the zeolite and zeolite/Fe~2~O~3~--NCs morphology. SEM with energy dispersive X-ray fluorescence (EDXF) spectroscopy was carried out utilizing a JEOL, JSM‒7600F instrument. In addition for determining the crystallinity of the samples, powder X-ray diffraction (PXRD) with Cu Kα radiation was used.

In vitro Human Fibroblast and Melanoma Cell Proliferation Assays {#S0002-S2004}
----------------------------------------------------------------

In order to evaluate the influence of the zeolites and zeolite/Fe~2~O~3~--NCs on mammalian cells, in vitro cell proliferation assays were designed and implemented. Detroit 551 human dermal fibroblasts (HDF, CCL-110; American Type Culture Collection) and A375 human malignant melanoma (HMM, CRL-1619; America Type Culture Collection) cells, with passage numbers ranging from 4 to 10, were cultured under normal conditions (5% CO~2~ and 37°C) before being seeded into the wells of 96-well plates at a concentration of 5000 cells/well. HDF and HMM cells were maintained using filtered (bottle-top vacuum filter systems, 0.22 μm pore size; Corning Inc.) Dulbecco's Modified Eagle's Medium (DMEM; ATCC), supplemented with 10% of fetal bovine serum (FBS; Gibco, Life Technologies) and 1% of penicillin-streptomycin (10,000 U/mL; ThermoFisher Scientific). The cells were grown inside pre-treated 75 cm^2^ polystyrene tissue-culture flasks (Falcon, Corning Inc.), and the cell media were carefully replaced every 48--72 hrs under a sterile biological cabinet. Cell proliferation assays were initiated when cells achieved \~80% confluency. To detach cells from their culture flasks, a 0.05% solution of trypsin-EDTA (Gibco, Life Technologies) diluted in PBS was injected to completely cover the cell-layered surfaces and evacuated after 2 mins of cell flask incubation at 5% CO~2~ and 37°C. Cell counting was performed manually under an optical microscope using a standard thermal and shock-resistant glass hemocytometer (Bright-Line, Reichert, Inc.). HDF and HMM cells were diluted separately to final concentrations of 50,000 cells/mL in DMEM media. Cells were seeded at a concentration of 5000 cells per well inside 96-well plates, in triplicate, and were allowed to grow over a period of 24 hrs inside a 5% CO~2~ and 37°C incubator.

Following the 24 hr cellular attachment and proliferation period, adherent HDF and HMM cells were treated using test samples suspended in DMEM media. Treatments in media consisted of zeolites and zeolite/Fe~2~O~3~--NCs at concentrations of 1%, 4%, 7%, 12%, and 17% by weight, which were added to the cell-seeded surfaces in 100 μL aliquots per well. A 24 hr incubation period was selected to evaluate the proliferation of HDF and HMM cells, thus, treated with media containing the zeolite and Zeolite/Fe~2~O~3~--NCs supplements. At the completion of the incubation time point, the particle suspensions were aspirated, and cell surfaces were washed twice using PBS to remove the residual zeolite or zeolite/Fe~2~O~3~--NCs particles. A 16.7% v/v MTS \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; Promega\] solution (1 mL MTS: 5 mL DMEM-F12) was prepared and injected (100 μL) into the test wells containing the pre-treated cells. The 96-well plates were left in a humidified incubator at 5% CO~2~ and 37°C for 3 hrs. After the reduction of the tetrazolium compound, absorbance readings were obtained at λ = 490 nm using a spectrophotometer (SpectraMax M Series; Molecular Devices). All procedures involving MTS were performed in the dark to avoid the discoloration of the reagent due to light-sensitivity. The MTS procedures were performed on three replicates of each sample type. A half maximal inhibitory concentration, IC50, of \~14.9 wt% of Fe~2~O~3~ within the composite structure was calculated for restricting malignant melanoma cell growth up to 50%. Optical density values obtained by microplate analysis were converted to cell numbers using unique standard cell curves.

The cell culture procedure and MTS assays were carried out based on the "CellTiter 96^®^ Aqueous One Solution Cell Proliferation Assay Technical Bulletin \#TB245, Promega Corporation."

This experiment was also carried out with the zeolite/Fe~2~O~3~--NCs synthesized from a commercial zeolite (Clinoptilolite type) from Helitropfen, Germany (the origin was a Narvik mine in Norway).

MTS cell viability results were depicted as the mean ± the standard error of the mean, and all experiments were performed in triplicate to indicate significance values (N=3). A one-way analysis of variance was performed to evaluate the differences in the means between data points and to calculate P-values, with p\<0.01 being statistically significant.

Slow-Release of Iron Ions from the Zeolite/Fe~2~O~3~--NCs {#S0002-S2005}
---------------------------------------------------------

For this purpose, at a first step, 20 g of Zeolite/Fe~2~O~3~--NCs was mixed in 100 mL of distilled water and was gently stirred for 24 hrs. Then, the mixture was filtered, and the filtrate was used to determine the dissolved iron ions. In the next step, the separated Zeolite/Fe~2~O~3~--NCs from the first step were mixed again in 100 mL of distilled water and the experiment and procedure continued like the first step. Then, this experiment was carried out 20 times over 20 days. Finally, a curve of iron ion concentration in the filtrate over the 20-day period was drawn.

This experiment was carried out on the synthesized zeolite/Fe~2~O~3~--NCs from three types of zeolites including: 1 -- Synthetic zeolite (96096, Potassium, 3A° type) from Sigma-Aldrich, USA; 2 -- Commercial zeolite (Clinoptilolite type) from Helitropfen, Germany (origin was a Narvik mine in Norway); and 3 -- Commercial zeolite (Desica AC130 type) from Hitech Silicate Co, IRAN. Also, the amount of Fe~2~O~3~--NPs was 12% for the three types of synthesized zeolite/Fe~2~O~3~--NCs. Measurements of iron ion concentrations were performed as the mean ± the standard error of the mean, and all experiments were performed in triplicate to indicate significance values (N=3). A one-way analysis of variance was performed to evaluate the differences in the means between data points and to calculate P-values, with p\<0.01 being statistically significant then the average results were used in drawing the curve.

Results {#S0003}
=======

Synthesis of Zeolite/Fe~2~O~3~--NCs {#S0003-S2001}
-----------------------------------

The formulation of the zeolite used in the reaction was 96096, Potassium, a 3A° type. The molecular structure includes silicon oxide, aluminium oxide, sodium oxide potassium oxide and water. The diameter of the zeolite pores was about 3Å (this is based on the company product label).

(Zeolite) (0.6) K~2~O: (4.0) Na~2~O: (1.0) Al~2~O~3~: (2.0 to 2.1) SiO~2~: (X) H~2~O

As described, in the first step, the zeolite was mixed with water to wet the zeolite surface (both the external zeolite surface and the internal surface of the zeolite pores). In this condition, the zeolite will be active as an ion exchanger due to the hydration of sodium and potassium ions on the zeolite surface. In the next step, iron (III) ions were replaced with K^+^ and Na^+^ on the zeolite surface due to mixing of the reaction mixture (hydrated zeolite) with the FeCl~3~ solution. In the final step, the NaOH solution was added to the reaction mixture to precipitate iron (III) oxide nanoparticles on the zeolite surface and finally obtaining zeolite/Fe~2~O~3~--NCs. [Figure 1](#F0001){ref-type="fig"} shows a simplified mechanism of the zeolite/Fe~2~O~3~--NCs synthesis. Figure 1The simplified reaction mechanism of the zeolite/Fe~2~O~3~--NCs synthesis used in the present study. \[X3 = 3(X1 + X2)/2\] and \[X4 = 3(X1 + X2)/4\].

FT-IR Spectroscopy {#S0003-S2002}
------------------

### Near FT-IR Spectroscopy {#S0003-S2002-S3001}

[Figure 2](#F0002){ref-type="fig"} shows the near FT-IR spectra of the zeolites (A) and the zeolite/Fe2O3--NCs (B). By studying the near FT-IR spectra in the 700 to 4000 cm^-1^ region, it can be seen that there were not any significant differences between the zeolite/Fe~2~O~3~--NCs spectra (B) and the zeolite (A) spectra. [Figure 2A](#F0002){ref-type="fig"} indicates that the zeolite structure was not changed due to its stability and non-breakability under the reaction conditions.

The peak that appeared at 3628 cm^−1^ for both the zeolite spectra (A) and the zeolite/Fe~2~O~3~--NCs spectra (B) corresponded to the terminal silanol groups on the external surface of the zeolite crystals which overlapped with the O-H stretching peak in the 3100 to 3500 cm^−1^ spectral regions. The O-H bending vibration peak appeared in the 1674 cm^−1^ region. The stretching and bending peaks of Si-O and Al-O from the zeolite structure appeared in the 900 to 1200 cm^−1^ region. The peak in the 1122 cm^−1^ region corresponded to the asymmetric and symmetric stretching modes of the internal tetrahedral Si (-O)~3~ and Al (-O)~3~ structure while the peaks around 1017 cm^−1^ corresponded to the asymmetric and symmetric stretching modes of their external linkages. [Figure 2](#F0002){ref-type="fig"} also shows 400 to 700 cm^−1^ spectral regions and that there are slight variations between the zeolite/Fe~2~O~3~--NCs spectra (B) and the zeolite spectra (A) due to the iron (III) nanoparticles.[@CIT0049]--[@CIT0051] Figure 2The near FT-IR spectra of zeolite (**A**) and zeolite/Fe~2~O~3~--NCs (**B**).

### Far FT-IR Spectroscopy {#S0003-S2002-S3002}

The FT-IT peaks of iron (III) oxide usually appear in the far infra-red spectra region. Thus, the far FT-IR spectroscopy technique was used for recognizing iron (III) oxide in the synthesized product (zeolite/Fe~2~O~3~--NCs).

[Figure 3](#F0003){ref-type="fig"} shows the far FT-IR spectra of the zeolite (a) and zeolite/Fe~2~O~3~--NCs (b). [Figure 3](#F0003){ref-type="fig"} also shows which peaks appeared in the zeolite/Fe~2~O~3~--NCs spectra (b) while they were not in the zeolite spectra (a) so they could be due to the presence of iron (III) oxide in the product.

The peaks for the zeolite/Fe~2~O~3~--NCs spectra (b) which appeared in the spectral regions 633 (A), 615 (B) and 585 (C), 543 (D), 530 (E), 518 (F), 480 (G) and 330 (H) cm^−1^ correspond to Fe^3+^-O and bonds from Fe~2~O~3~ as confirmed by other investigators.[@CIT0052]--[@CIT0054] Also, the peaks in the spectral regions 358 (I), 205 (J) and 160 (K) cm^−1^ may belong to the iron (III) oxide bond because they did not appear in the zeolite spectra (a). Figure 3The far FT-IR spectra of zeolite (**A**) and zeolite/Fe~2~O~3~--NCs (**B**).

### Powder X-Ray Diffraction (PXRD) {#S0003-S2002-S3003}

[Figure 4](#F0004){ref-type="fig"} shows the PXRD patterns for the zeolite (a) and zeolite/Fe~2~O~3~--NCs (b-f). They were obtained by scanning in the small-angle range of 2θ (15--25°).

The data from zeolite (a) and zeolite/Fe~2~O~3~--NCs (b-f) pattern peaks indicate that the zeolite crystalline structure did not changed under the iron (III) oxide synthesis conditions. The (b-f) pattern peaks also show that the intensity of the zeolite peaks decreased while the amount of iron (III) oxide-NPs increased due to a thorough covering of the zeolite surface by Fe~2~O~3~-NPs. The zeolite peaks appeared at 2θ of 30.92°, 32.66°, 34.16°, 41.66°, 42.98°, 43.64°, 44.26°, 47.44°, 47.96°, 49.82°, 52.26°, 54.36°, 56.56°, 57.68°, 58.74°, 66.82°, 71.14°, and 73.04°. This pattern is very similar to the report of Treacy and Higgins[@CIT0055] and Roland and Higgins[@CIT0056] results for the collection of simulated XRD powder patterns for zeolites.

The PXRD patterns of Fe~2~O~3~-NPs (b--f) shown in [Figure 4](#F0004){ref-type="fig"} also demonstrated that the intensity of the iron (III) oxide peak increased while the amount of Fe~2~O~3~-NPs on the zeolite/Fe~2~O~3~--NCs increased as well due to coating of the Fe~2~O~3~-NPs on the zeolite surface. The Fe~2~O~3~-NPs crystalline peak appeared at 2θ° of 35.65° as related to the 110 crystallographic planes of the face-centered cubic (fcc) iron oxide nanocrystals (Ref. Code Fe~2~O~3~: 01-073-0603). Other research groups reported similar Fe~2~O~3~-NPs crystalline peak PXRD patterns for SiO~2~/TiO~2~ and SiO~2~/Fe~2~O~3~ nanocomposites (Ehrman et al 1999) and for the nano-crystalline Fe~2~O~3~--Cr~2~O~3~ solid solution.[@CIT0057] Finally, the results obtained for the PXRD patterns clearly indicated that the zeolite/Fe~2~O~3~--NCs were successfully synthesized here. Figure 4PXRD patterns of zeolite (**A**) and zeolite/Fe~2~O~3~--NCs with Fe~2~O~3~--NP amounts in the product of 1% (**B**), 4% (**C**), 7% (**D**), 12% (**E**) and 17% (**F**).

### Scanning Electron Microscopy (SEM) {#S0003-S2002-S3004}

The scanning electron microscopy (SEM) images of the zeolite (A) and zeolite/Fe~2~O~3~--NCs (B--F) are shown in [Figure 5](#F0005){ref-type="fig"}. The cubic shape of the particles due to the zeolite structure did not change and occurred simply as gradually particles aggregated when various amounts of iron (III) oxide coated the zeolite surface for the formation of zeolite/Fe~2~O~3~--NCs. This fact once again confirms the results obtained from FT-IR spectroscopy and PXRD analysis. [Figure 5](#F0005){ref-type="fig"} clearly illustrates some nanoparticle aggregation occurred due to the synthesis of iron (III) oxide on the zeolite surface. Additionally, the SEM pictures of (B) to (F) showed that the thin layer of Fe~2~O~3~-NPs on the surface of cubic zeolite particles was thicker while the amount of iron (III) oxide increased in the product. Figure 5SEM of zeolite (**A**) and zeolite/Fe~2~O~3~--NCs with Fe~2~O~3~--NP amounts in the product of 1% (**B**), 4% (**C**), 7% (**D**), 12% (**E**) and 17% (**F**).

### Energy Dispersive X-Ray Spectroscopy (EDX) {#S0003-S2002-S3005}

The energy dispersive X-ray (EDX) analytical technique was used for determining the elemental analysis of the product (zeolite/Fe~2~O~3~--NCs). The data from the EDX spectra of the zeolite (A) in [Figure 6](#F0006){ref-type="fig"} shows that the binding energy peaks for O, Na, Al and Si appear at 0.52, 1.03, 1.47 and 1.72 keV, respectively. On the other hand, these peaks appear for the zeolite/Fe~2~O~3~--NCs (B--F) spectra too; this fact indicates that all these relevant elements were present for all of the products (zeolite/Fe~2~O~3~--NCs with different amounts of iron (III) oxide).

The EDX spectra of the zeolite/Fe~2~O~3~--NCs (B--F) in [Figure 6](#F0006){ref-type="fig"} also showed three peaks appeared at 0.72, 6.37 and 7.03 keV. These peaks clearly indicate the presence of iron (III) oxide in the zeolite/Fe~2~O~3~--NCs. In numerous papers, research such as[@CIT0058],[@CIT0059] reported similar EDX results for the Fe~2~O~3~- NP binding energies of iron (III) oxide. Figure 6EDX spectra of zeolite (**A**) and zeolite/Fe~2~O~3~--NCs with Fe~2~O~3~--NP amounts in the product of 1% (**B**), 4% (**C**), 7% (**D**), 12% (**E**) and 17% (**F**).

### Transmission Electron Microscopy (TEM) {#S0003-S2002-S3006}

The TEM images and the distribution histogram of particle sizes of iron (III) oxide nanoparticles in the product (zeolite/Fe~2~O~3~--NCs) are shown in [Figure 7(A--D](#F0007){ref-type="fig"}). For this purpose, suspensions of the product in distilled water were prepared using a sonicator and, after that, a drop of the suspended product was placed onto a covered copper grid in which TEM observations were then carried out by taking pictures from the edges of the nanocomposite particles. The TEM images of the product with various amounts of iron (III) oxide indicated that the Fe~2~O~3~--NPs sizes increased as the amount of iron in the product increased. In addition, Fe~2~O~3~--NPs on the zeolites appeared as spherical particles. The TEM images also showed that the mean diameters of Fe~2~O~3~--NPs were 1.45 ± 0.243 nm (obtained from 41 particles in the image (A)), 2.19 ± 0.51 nm (obtained from 38 particles in the image (B)) and 2.20 ± 0.332 nm (obtained from 33 particles in the image (C)) while the concentration of Fe~2~O~3~--NPs in the product was 4, 7 and 12 wt%, respectively. Figure 7(**A**) TEM image of the zeolite/Fe~2~O~3~--NCs with Fe~2~O~3~--NP amount in the product of 4%. (**B**) TEM image of the zeolite/Fe~2~O~3~--NCs with the Fe~2~O~3~--NPs amount in the product of 7%. (**C**) TEM image of the zeolite/Fe~2~O~3~--NCs with the Fe~2~O~3~--NPs amount in the product of 12%. (**D**) Histograms of the zeolite/Fe~2~O~3~--NCs with Fe~2~O~3~--NP amounts in the product of 4% (**I**), 7% (**II**) and 12% (**III**).

### Toxicity Assays with Zeolite/Fe~2~O~3~--NCs to HDF and HMM Proliferation {#S0003-S2002-S3007}

In vitro cell studies demonstrated that zeolites and zeolite/Fe~2~O~3~--NCs were generally non-toxic to human fibroblast cells and significantly pernicious to human malignant melanoma cells. The results and the trends are displayed in [Figure 8](#F0008){ref-type="fig"}. Figure 8MTS assay results depicting HDF and HMM cell proliferation, following the exposure of cells to zeolite and zeolite/Fe~2~O~3~--NCs suspensions in cell culture media for 24 hrs. Data = mean ± SEM: N=3; \*\*\*p≤0.001 and \*\*p≤0.01 compared to controls unless otherwise indicated and ns, p\>0.05.

In short, while HDF cells remained 80--100% viable across varying Fe~2~O~3~--NPs amounts, HMM cells were 82.7% viable when exposed to bare zeolites, and the viability ratio dropped significantly for HMM cells that were treated using zeolite/Fe~2~O~3~--NCs. At the highest Fe~2~O~3~--NPs amounts (17 wt%), HMM cells were only 19.4% viable. These data indicate that bare zeolites have the capacity to suppress melanoma cancer cell growth, without significantly influencing the proliferation of the non-cancerous fibroblast cell counterparts. In fact, it has been previously shown that synthetic zeolites subdue melanogenesis by supporting the degradation of the microphthalmia-associated transcription factor.[@CIT0060] This suppressive ability can be reinforced with the introduction of Fe~2~O~3~--NPs to the zeolite body, and it is inferred from the MTS data that zeolites and Fe~2~O~3~--NPs interact synergistically to inhibit melanoma cell growth, without significantly altering the metabolic rates of non-cancerous healthy HDF cells. The weakening of the melanoma cells, due to the zeolite-cell interactions, drives the cell-disruptive behavior of the Fe~2~O~3~--NPs.

 {#S0003-S2003}

### Slow Release of Iron Ions from Zeolite/Fe~2~O~3~--NCs as a Smart Fertilizer {#S0003-S2003-S3001}

The curve of iron ions released from the three types of zeolite/Fe~2~O~3~--NCs against time is shown in [Figure 9](#F0009){ref-type="fig"}. As explained in the material section, three types of zeolite/Fe~2~O~3~--NCs were synthesized from the three types of zeolites as: 1 -- Synthetic zeolite (96096, Potassium, 3A° type) from Sigma-Aldrich, USA; 2 -- Commercial zeolite (Clinoptilolite type) from Helitropfen, Germany (origin was a Narvik mine in Norway); and 3 -- Commercial zeolite (Desica AC130 type) from Hitech Silicate Co, IRAN.

The results obtained from the curve of iron ion release showed that the amounts of released iron ions against time were almost constant and is a linear curve with a gentle slope towards reducing iron ion concentrations. This behavior is due to the regulatory role of zeolite/Fe~2~O~3~--NCs for releasing iron ions which is due to the equilibrium of iron ions between zeolites and iron oxide nanoparticles which are zeolite/Fe~2~O~3~--NCs builders. In fact, the zeolites play a role as a chelating agent in the equilibrium of iron ion and iron oxide. It could be concluded that the produced Zeolite/Fe~2~O~3~--NCs can be recognized as a smart iron fertilizer. Also [Figure 9](#F0009){ref-type="fig"} shows that the amounts of iron ion concentration released from three types of zeolite/Fe~2~O~3~--NCs are different due to difference between the ion iron-chelating power of the three types of zeolites that consequently can be due to difference in molecular structure, particle size and interaction of the active surface of the three types of zeolites. Iron ion concentration measurements were performed three times at all stages of the experiment and the average results were used in drawing the curves in [Figure 9](#F0009){ref-type="fig"}. Figure 9Slow-release of iron ions from the three types of zeolite/Fe~2~O~3~--NCs against mixing time. Three types of zeolite/Fe~2~O~3~--NCs were synthesized from three types of zeolites as: 1 -- Synthetic zeolite (96096, Potassium, 3A° type) from Sigma-Aldrich, USA; 2 -- Commercial zeolite (Clinoptilolite type) from Helitropfen, Germany (origin was a Narvik mine in Norway); and 3-Commercial zeolite (Desica AC130 type) from Hitech Silicate Co, IRAN.

Discussion {#S0004}
==========

In this research, a green chemistry method was developed here and used for the preparation of zeolite/iron (III) oxide nanocomposites (zeolite/Fe~2~O~3~--NCs) with iron (III) nanoparticles (Fe~2~O~3~--NPs) on the surface of zeolites. The reaction was carried out by the quick precipitation of Fe~2~O~3~--NPs from an aqueous suspension of zeolite and ferrous chloride aqueous solutions using a sodium hydroxide aqueous solution. The advantages of this reaction involved the use of low-cost raw materials, low energy usage due to a mild reaction condition, as well as the use of an environmentally friendly solvent (water) with no toxic residues.

The transmission electron microscopy (TEM) results successfully confirmed the formation of Fe~2~O~3~-NPs on the surface of the zeolite with mean particle sizes of 1.45 ± 0.243, 2.19 ± 0.51 and 2.20 ± 0.332 nm when the amounts of Fe~2~O~3~--NPs in the product were 4, 7 and 12 wt%, respectively. Fourier transform infrared spectroscopy (FT‒IR) confirmed the formation of zeolite/Fe~2~O~3~--NCs because the near FT-IR spectra in the 700 to 4000 cm^−1^ of the zeolite and product indicated that the zeolite structure was not changed due to stability and non-breakability of the zeolite structure under the reaction conditions used here. The spectra showed all bonding peaks of zeolites such as O-H, Si-O, Al-O, Si (-O)~3~ and Al (-O)~3~. Also, the spectra in the 400 to 700 cm^−1^ regions showed that there were slight variations between the zeolite/Fe~2~O~3~--NCs spectra and the zeolite spectra due to the iron (III) nanoparticles. Also, comparing of the far FT-IR spectroscopy of the zeolite and the product (zeolite/Fe~2~O~3~--NCs) showed that the peaks for the zeolite/Fe~2~O~3~--NCs spectra (which appeared in the spectral regions 633, 615, 585, 543, 530, 518, 480 and 330 cm^−1^) corresponded to Fe^(II)^-O and the bonds from Fe~2~O~3~. Also, the peaks in the spectral regions 358, 205 and 160 cm^−1^ may belong to the iron (III) oxide bond because they did not appear in the zeolite spectra. Powder X-ray diffraction (PXRD) confirmed the formation of zeolite/Fe~2~O~3~--NCs because all of the peaks in zeolite patterns appeared in the product (zeolite/Fe~2~O~3~--NCs) pattern. In addition, a peak appeared at 2θ° of 35.65° which is related to iron(III) oxide in the product and its intensity increased by increasing the amounts of iron(III) oxide in the product (zeolite/Fe~2~O~3~--NCs). The scanning electron microscopy (SEM) images confirmed the formation of zeolite/Fe~2~O~3~--NCs because it showed that the cubic shape of the zeolite structure and various aggregations of the various amounts of iron (III) oxide coated the zeolite surface for the formation of zeolite/Fe~2~O~3~--NCs. Energy-dispersive X-ray fluorescence (EDXF) confirmed the formation of zeolite/Fe~2~O~3~--NCs because it showed peaks for O, Na, Al and Si at 0.52, 1.03, 1.47 and 1.72 keV related to the zeolite structure and three peaks for Fe at 0.72, 6.37 and 7.03 keV related to the Fe~2~O~3~ nanoparticles. Also, the results showed that the peak intensity of Fe increased by increasing amounts of iron(III) oxide in the product (zeolite/Fe~2~O~3~--NCs).

Lastly, in vitro cell studies demonstrated that the zeolites and zeolite/Fe~2~O~3~--NCs were generally non-toxic to human fibroblast cells and significantly pernicious to human malignant melanoma cells, with \~14.9 wt% (IC50) of Fe~2~O~3~ integrated into the zeolite nanocomposite structure effective at driving melanoma cell viability down to 50% relative to untreated control cells. Also, the three types of products (zeolite/Fe~2~O~3~--NCs) were successfully used and recognized as an iron smart nanofertilizer for the slow-release of iron ions.

Conclusion {#S0005}
==========

Zeolite/iron (III) oxide nanocomposites (Zeolite/Fe~2~O~3~--NCs) were successfully produced here as an iron smart nanofertilizer for agricultural applications. The production method was carried out by an environmentally friendly condition and raw materials to represent a green chemistry method. The product was characterized by FT-IR, PXRD, EDX, SEM and TEM. Also, the product was non-toxic to human fibroblast cells and significantly pernicious to human malignant melanoma cells. Since current fertilizers have been linked to cancer, the present nanocomposites may represent a non-cancerous alternative worthy of further investigation.

The present work established an easy scale-up process (industrial scale) for synthesizing zeolite/Fe~2~O~3~--NCs for numerous important applications including, but not limited to: a nanocatalyst for the synthesis of new biodiesel production, one of the components of animal feed production, an antibacterial agent, an anti-cancer agent, a coating for nanoscale anti-cancer drugs, a filler and new composite in plastic and polymer applications, a pigment in ceramic production and as a pigment, filler and UV absorbent in cosmetic production. Studies will soon be conducted to determine product feasibility and specific efficiency for such applications.
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